Abstract: Long chain omega-3 polyunsaturated fatty acids (LC n-3 PUFAs) produce cardiovascular benefits by improving endothelial function. Endothelial cells store von Willebrand factor (vWF) in cytoplasmic Weibel-Palade bodies (WPBs). We examined whether LC n-3 PUFAs regulate WPB degranulation using cultured human umbilical vein endothelial cells (HUVECs). HUVECs were incubated with or without 75 or 120 µM docosahexaenoic acid or eicosapentaenoic acid for 5 days at 37 °C. WPB degranulation was stimulated using phorbol 12-myristate 13-acetate (PMA), and this was assessed by immunocytochemical staining for vWF. Actin reorganization was determined using phalloidin-TRITC staining. We found that PMA stimulated WPB degranulation, and that this was significantly reduced by prior incubation of cells with LC n-3 PUFAs. In these cells, WPBs had rounded rather than rod-shaped morphology and localized to the perinuclear region, suggesting interference with cytoskeletal remodeling that is necessary for complete WPB degranulation. In line with this, actin rearrangement was altered in cells containing perinuclear WPBs, where cells exhibited a thickened actin rim in the absence of prominent cytoplasmic stress fibers. These findings indicate that LC n-3 PUFAs provide some protection against WBP degranulation, and may contribute to an improved understanding of the anti-thrombotic effects previously attributed to LC n-3 PUFAs.
Introduction
Endothelial dysfunction, a corollary of hypertension, contributes to the development of inflammation and atherosclerosis [1] . Excessive exocytosis of endothelial storage granules containing pro-inflammatory and vasoconstrictor substances might therefore be implicated in the development of endothelial dysfunction. Weibel-Palade bodies (WPBs) are endothelial storage granules that release vasoactive substances such as von Willebrand factor (vWF), P-selectin and endothelin-1 [2] . The rod shape of WPBs is dependent on polymerisation of vWF and consequent tubular arrangement of mature vWF multimers within the granules [3] . Anchoring of WPBs to actin cytoskeleton via the small GTPase Rab27a/MyRIP complex prevents premature exocytosis and allows for full WPB maturation and assembly of high molecular weight vWF multimers [4, 5] . Secretagogues include thrombin, histamine, fibrinogen and the protein kinase C (PKC) activator (and diacylglycerol analog), phorbol 12-myristate 13-acetate (PMA) [6] [7] [8] [9] . Factors released by WPBs after endothelial activation contribute to inflammation associated with hypertension and thrombosis, where inhibition of exocytosis may attenuate this response [10] [11] [12] .
WPB degranulation involves rearrangement of cytoskeletal actin and myosin microfilaments [13] . In particular, rearrangement of actin filaments into band-like stress fibers is associated with complete WPB degranulation, whereas remodeling of the cortical actin rim precedes degranulation of peripheral WPBs only [13] . It has further been shown that stimulation of human umbilical vein endothelial cells (HUVECs) with PMA results in longitudinal stress fiber formation as well as recruitment of actin filaments to WPBs undergoing exocytosis [14] . The consequent formation of a dynamic actin ring around the base of WPBs facilitates the release of vWF from the WPBs at the cell surface [14] .
Increased dietary intake of oily fish, or supplements containing high levels of long chain omega-3 polyunsaturated fatty acids (LC n-3 PUFAs), reportedly improve cardiovascular health [15] [16] [17] [18] [19] [20] . The cardiovascular benefits of LC n-3 PUFAs have been partly attributed to their incorporation into phospholipids of membrane lipid rafts [21] . Enrichment of lipid rafts with n-3 PUFAs can displace signaling proteins from the rafts resulting in suppression of T-cell activation [21, 22] . It has also been shown that n-3 PUFAs can improve endothelial function [23, 24] , and decrease circulating levels of vWF [25, 26] . However, the mechanisms for these effects are not fully understood. One possibility is that LC n-3 PUFAs attenuate the release of pre-stored substances from the endothelium to decrease circulating concentrations of pro-inflammatory mediators such as vWF. To test this hypothesis, we treated cultured HUVECs with LC n-3 PUFAs, docosahexaenoic acid (DHA) or eicosapentaenoic acid (EPA), and examined their ability to attenuate PMA-stimulated WPB degranulation as well as their effects on actin rearrangement.
Results and Discussion

PMA-Stimulated Degranulation of Weibel-Palade Bodies
We treated cultured HUVECs with LC n-3 PUFAs, DHA or EPA and examined their ability to attenuate PMA-stimulated WPB degranulation. Immunoreactive staining for vWF was observed in HUVECs, and this was localized to rod-shaped WPBs within the cytoplasm (Figure 1b) . Upon stimulation of the cells with PMA, almost all cells (~97%) underwent degranulation, as evidenced by a loss of granular immunoreactive staining (Figure 1c ,e; paired t-test, p < 0.05, n = 3). Degranulation was not observed when cells were exposed to the inactive PMA analogue, 4α-PMA (Figure 1d ,e). Degranulation of WPBs was time-and concentration dependent, consistent with previous findings by Fiedler et al. [6] . In our study, the maximal effect was evident after 6 h incubation with 10 nM PMA (Figure 1d ,e; one-way ANOVA, p < 0.001, n = 3). 
Effect of Long Chain Omega-3 Fatty Acids on the Pattern of Weibel-Palade Body Degranulation
Following 5-day incubation of HUVECs with 120 μM DHA or EPA, cellular content of DHA and EPA was increased when compared to cells incubated with media alone, as shown by GC analysis (Figure 2a-c) . Cells treated with EPA also showed increased levels of docosapentaenoic acid (DPA), indicating some conversion of EPA to DPA (Figure 2b ; [27] ). The identity of the fatty acids was confirmed using MS analysis (data not shown). The intracellular localization of Oil Red O-stained lipid droplets (Figure 2d ) provided supportive evidence for the sequestration of LC n-3 PUFAs by the HUVECs, and is consistent with esterification of LC n-3 PUFAs to cholesteryl esters and triglycerides [28] . Five-day treatment with 120 μM DHA or EPA alone had no effect on the proportion of cells staining positively for vWF (media alone, 85.9% ± 2.9%; 120 μM DHA, 83.3% ± 3.3%; 120 μM EPA, 77.8% ± 7.5%), or on WPB morphology (Figure 3a,c) . However, a greater number of cells stained positively for vWF when pre-treated with DHA or EPA prior to stimulation with PMA, compared to cells that were incubated with PMA alone (Figure 3a ,c; paired t-test, p < 0.05, n = 4). The concentrations of LC n-3 PUFAs used in this study (75 and 120 μM) were within the physiological plasma concentration range for DHA (110-192 μM) and EPA (56-225 μM) in healthy individuals [29] . Interestingly, the n-6 PUFA, arachidonic acid (AA) attenuated WPB degranulation to a similar level to that observed for EPA and DHA, whereas shorter-chain fatty acids, oleic acid (C18:1n-9) and linoleic acid (C18:2n-6) were not different to PMA-stimulated cells (data not shown). It is not known why the pro-inflammatory n-6 PUFA (AA) produces a similar protective effect as the anti-inflammatory n-3 PUFAs, EPA and DHA. One possibility is that AA, DHA and EPA are converted to lipoxin A4; resolvin D1, and resolvin E1, respectively, which have common pro-resolving activity [30, 31] . Pretreatment of cells with LC n-3 PUFAs prior to PMA stimulation lead to an association of vWF to small, rounded granules. This pattern of staining was different to the typical rod-shaped WPBs in non-stimulated cells. The rounded granules were localized to the perinuclear region (Figure 3b,d ) whereas the rod-shaped granules were more diffusely distributed throughout the cytoplasm (Figure 3a,c) . The rod-shape of WPBs in unstimulated cells is attributed to an arrangement of mature vWF multimers with a pro-peptide, and production of the small spherical granules is a sign that this configuration has been disrupted [3] . The question arises as to why these small granules form in stimulated cells that have been treated with LC n-3 PUFAs. One possibility is that chronic exposure of cells with LC n-3 PUFAs, in combination with PMA stimulation, alters the packaging of vWF in the WPBs by altering the internal pH within the granules. Michaux et al. [3] showed that the tubular arrangement of WPBs was disrupted by neutralization of the acidic pH within the granules following treatment of cells with the ionophore, monensin. In that study, the granules became small and spherical and the filaments of vWF in the granules were short, with reduced capacity for platelet recruitment [3] . The secretagogue-resistant granules located in the perinuclear region share similar characteristics to newly formed WPBs that are deficient in the clathrin-associated adaptor protein complex, AP-1 [32] . Although a 2-week diet of 4% fish oil in mice did not alter expression of clathrin in colonic membranes [33] , further studies are required to examine the effect of LC n-3 PUFAs on the integrity of WPB clathrin/ AP-1 coating in endothelial cells.
Effect of LC n-3 PUFAs on Actin Cytoskeletal Rearrangement in PMA Stimulated HUVECs
The perinuclear clustering of WPBs observed in this study suggests that LC n-3 PUFAs might interfere with cytoskeletal remodeling needed for complete WPB degranulation. Vischer et al. [13] showed that actin and myosin filaments were re-arranged into prominent stress fibers only in HUVECs that had completely degranulated in response to histamine, but not in cells that were refractory to histamine. It was concluded that histamine increased intracellular calcium concentrations to induce WPB transport from the trans-golgi network to the plasma membrane [13] . In the same study, treatment of HUVECs with forskolin was shown to increase cAMP levels and to cause degranulation of peripheral WPBs but not perinuclear WPBs [13] . Interestingly, forskolin also stimulated the formation of a thick, linear peripheral actin rim [13] . Both of these changes are consistent with the appearance of some PMA-stimulated HUVECs that were pre-treated with EPA and DHA in our study, suggesting that LC n-3 PUFAs might augment cAMP activity in HUVECs. There is some evidence for this latter hypothesis, where it was shown that EPA can increase the production of cAMP in colonic epithelial cells via a "store-operated" mechanism [34] .
Actin reorganization is crucial for WPB degranulation. For example, the actin stabilizing agent, jasplakinolide, inhibited both actin reorganization and proteinase activated receptor (PAR 2 ) agonist-stimulated release of vWF from endothelial cells [35] . The ability of LC n-3 PUFAs to interfere with actin remodeling has been described previously in an in vitro wound-healing model [36] . Exposure of murine endothelial cells to a mixture containing 100 μM EPA and DHA ethyl esters resulted in partial disassembly of the actin cytoskeleton, which was associated with an impaired migration of the endothelial cells into a wound. We investigated whether EPA and DHA could also affect actin cytoskeletal reorganization associated with WPB degranulation in human endothelial cells.
In our study, unstimulated HUVECs, and HUVECs exposed to 120 μM EPA or DHA for 5 days showed thin cortical actin rims along their margins as well as very fine actin filaments throughout the cytoplasm (Figure 4a,c,e) . These cells also stained positively for vWF, which was localized to WPBs. Exposure of the cells to PMA caused rearrangement of the actin cytoskeleton into prominent stress fibers, and these were typically arranged parallel to the longitudinal axis of the cells (Figure 4b) . However, some cells that were exposed to EPA or DHA prior to PMA-stimulation had an outer actin rim that was thicker and more linear, without prominent stress fiber formation across the cellular cytoplasm (Figure 4d,f) , compared to cells exposed to PMA alone. Consistent with the results obtained using brightfield microscopy, vWF was localized to rounded granules in the peri-nuclear region in some cells that were exposed to EPA or DHA prior to PMA stimulation (Figure 4d,f) . These findings suggest that EPA and DHA may reduce PMA-stimulated loss of perinuclear vWF by attenuating actin reorganization in the endothelial cells. WPBs store vasoactive and pro-inflammatory mediators, and their degranulation is implicated in inflammatory disorders including hypertension and thrombosis [10] [11] [12] . Degranulation of WPBs is triggered by pathophysiological stimuli, including exposure of endothelial cells to mechanical stressors [37, 38] and pro-inflammatory mediators such as TNF-α [39] , reactive oxygen species [40] , sphingolipids [41] and histamine [42] . Thus, attenuation of degranulation, for example by LC n-3 PUFAs, may contribute to the beneficial in vivo effects of LC n-3 PUFAs.
Experimental Section
Culture of Human Umbilical Vein Endothelial Cells
Umbilical cords were obtained with informed consent from women giving birth by Caesarean section at Nambour General Hospital, Queensland, Australia; with approval from the Human Research [43] . The umbilical vein was cannulated and flushed with Dulbecco's PBS to remove blood. Collagenase II (1 mg/mL in M199 media) was administered into the vein, the cord was clamped at both ends and incubated for 20 min at 22 °C. The collagenase solution was retrieved from the vein, spun (400 × g, 5 min), and the pellet was resuspended in 20% media (M199 media containing 20% fetal calf serum, 50 μg/mL penicillin/streptomycin, 2.5 μg/mL fungizone, 2 mM glutamax-I). Cells were seeded on 25 cm 2 collagen-coated culture flasks and grown to confluence in a humidified, 5% CO 2 incubator at 37 °C. Cells were lifted from the flasks using 0.25% trypsin/EDTA solution and then passaged at a split ratio of 1:2, or seeded onto collagen-coated 75 cm 2 cell culture flasks or 13 mm diameter coverslips. Media was replaced every 2 days and cells were used for assays between passage number 3 and 5.
Immunocytochemistry Staining for Von Willebrand Factor
Some endogenous mediators stimulate WPB degranulation through a PKC-dependent mechanism [44] . PMA was used in this study as an exogenous PKC-dependent activator of Weibel-Palade body degranulation. HUVECs were incubated in the absence or presence of PMA (1-6 h, 0.1-100 nM, 37 °C) or 4α-PMA (6 h, 10 nM), or with LC n-3 PUFAs (DHA or EPA at 75 or 120 μM; 5 days, n = 4) with or without addition of 10 nM PMA for the final 6 h. EPA (sodium salt; Nu-Check-Prep Inc., MN, USA) was dissolved in oxygen-depleted water and DHA (>99% oil; Nu-Check-Prep Inc., MN, USA) was bound to albumin as described previously [45] , to produce 15 mM stock solutions. HUVECs were fixed in 4% paraformaldehyde solution for 30 min at 4 °C, washed in 0.1 M glycine (2 × 5 min, 22 °C), incubated with 3% hydrogen peroxide (5 min, 22 °C), rinsed in 0.01 M PBS (6.8 mM Na 2 HPO 4 , 2.6 mM NaH 2 PO 4 , pH 7. Cells were rinsed in distilled water. Coverslips were mounted onto microscope slides using glycerol. Photomicrographs were obtained using a Nikon DS-Fi2 camera connected to a Nikon Eclipse Ti microscope.
Quantitation of Weibel-Palade Body Degranulation
Cells were examined for WPB degranulation using a brightfield microscope. Cells (all cells or up to 100 cells per coverslip) were categorized as either containing vWF (granulated), or not containing vWF (degranulated), and the proportion of granulated cells to total cells was determined. Only cells with visible nuclei were included while overlapping cells were excluded.
Gas Chromatography-Mass Spectrometry Analysis of Cellular LC n-3 PUFA
HUVECs were seeded into 75 cm 2 , collagen-coated cell culture flasks and exposed to 120 μM DHA or EPA for 5 days at 37 °C. Media was removed after 5 days and a cell scraper was used to collect cells from the flasks into borosilicate test tubes. To extract phospholipids from the cells, 600 μL of methanol containing butylhydroxytoluene (BHT, 0.5 mg/mL) was added and cells were homogenized using glass rods for 1 min. Homogenized cells were covered with nitrogen gas and stored on ice for 30 min before adding 600 μL of chloroform. Cells were homogenized again for 1 min, stored on ice for 30 min and then spun (3000 × g, 4 °C, 5 min). Following the first spin, separation of a bottom chloroform layer and an upper methanol layer was observed. The chloroform layer, which contained the extracted lipids was withdrawn, placed in clean test tubes, covered with nitrogen gas and stored on ice until further addition of extracted lipids. The process was repeated twice, using reduced volumes of methanol with BHT and chloroform (300 μL), as well as reduced storage times on ice (10 min). During subsequent spins, the entire supernatant was withdrawn. To complete the extraction, 800 μL of chloroform and 460 μL of 0.05 M KCl was added to 1000 μL of the pooled lipid solution, mixed by vortex and spun (3000 × g, 4 °C, 10 min). The supernatant was discarded; the lipid fraction was transferred into screw top vials and dried under nitrogen gas. To hydrolyze the extracted lipids 500 μL of 9 M HCl:H 2 O:acetonitrile (1:1:18) solution containing BHT (25 mg/50 mL) was added, samples were covered with nitrogen gas and incubated overnight at 65 °C. The hydrolyzed samples were dried under nitrogen gas and freeze dried for at least 15 min before adding 250 μL of hexane and 10 μL of derivatising agent (1-tert-butyldimethylsilylimidazole). Samples were covered with nitrogen gas, incubated at 37 °C for 2 h and analyzed using Gas Chromatography (Varian, model 3900, Middelburg, The Netherlands) and Mass Spectrometry (Varian, model Saturn 2100T, Walnut Creek, CA, USA).
Oil Red O Staining for Lipids
The uptake of LC n-3 PUFAs acids by HUVECs was also examined using Oil Red O staining. HUVECs were seeded onto coverslips and exposed to 120 μM DHA or EPA for 5 days at 37 °C. Cells were fixed in 3.7% formaldehyde (15 min, 22 °C), stained with 0.22 μm filtered Oil Red O solution (90 min, 22 °C), and washed in Dulbecco's PBS. The cells were counterstained with hematoxylin (5 min, 22 °C), incubated with Scott's tap water (1 min), washed with Dulbecco's PBS and mounted onto glass microscope slides using glycerol. Photomicrographs were obtained as described above.
Cellular Actin Remodeling
HUVECs were incubated in the presence of LC n-3 PUFAs (DHA or EPA at 120 μM; 5 days, n = 3) with or without addition of 10 nM PMA for the final 6h. HUVECs were fixed in 3.7% formaldehyde solution for 15 min at 22 °C, washed extensively with 1 × PBS (10 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 , 140 mM NaCl, 2.6 mM KCl, pH 7.4; 3 × 5 min, 22 °C) and incubated with heat-inactivated goat serum (5% in 1 × PBS with 0.3% Triton X-100, 1 h, 22 °C). Cells were then incubated with a mouse monoclonal antibody to human von Willebrand factor (1:200 in antibody diluting buffer (1 × PBS, 1% BSA, 0.3% Triton X-100, DAKO, clone F8/86), overnight at 4 °C in a humidified chamber. Cells were washed in 1 × PBS (3 × 5 min, 22 °C) and incubated with goat anti-mouse fluorochrome-conjugated secondary antibody (1:2000 in antibody diluting buffer, Cell Signaling, IgG Fab2 Alexa-Fluor (R) 488) as well as the fluorescent nuclear stain DAPI (2 μg/mL in antibody diluting buffer, 1.5 h, 22 °C in the dark). HUVECs were washed (3 × 5 min, 22 °C), and then incubated with phalloidin-TRITC (5 μg/mL in antibody diluting buffer, Sigma Aldrich, Sydney, NSW, Australia, 40 min, 22 °C in the dark). After a further 5 × 5 min washes, coverslips were mounted onto microscope slides using glycerol. Photomicrographs were obtained using a Nikon Eclipse Ti inverted confocal microscope. Cells were scanned using the z-stack function to obtain composite images of fluorescent staining throughout the entire thickness of the cultured HUVECs.
Data Analysis
Mean values were compared using paired t-tests or one-way ANOVA with Tukey post hoc analysis, using SPSS Statistics (IBM, Version 19, St. Leonards, NSW, Australia).
Conclusions
This study showed that chronic pre-treatment of endothelial cells with LC n-3 PUFAs prior to their activation lead to uptake of the fatty acids by the cells, and prevented PMA-induced stress fiber formation in some cells. These cells showed an altered pattern of endothelial exocytosis, with retention of small spherical WPBs in the perinuclear region. Since WPBs contain vasoactive and pro-inflammatory mediators, we suggest that the LC n-3 PUFA-dependent retention of WPB content in the presence of endothelial activators may contribute to some of their anti-inflammatory and vasoprotective effects.
